NAVAL RESEARCH LAB WASHINGTON DC F/¢ 20/9
TRANSIENT FIELD REVERSAL WITH A PROTON LAYER.(U)
DEC 79 C A KAPETANAKOS» J GOLDENs J A PASOUR

UNCLASSIFIED NRL-MR-4135 SBIE=AD-E000 371 N

AD—AQ8L 72&




4.

el £

4.0

2

FCEREER R
FFEE
o

(%]
[+3
BT

er 3 o8 &%

13
Er

8
[==] EY I8

F

MICROCOPY RESOLUTION TEST CHART




DR S
[,

Ay _j N
S SIS

Q"\'f-(‘

S. J.}dnsn > R. A}dmrm
[

Sachs-Freeman Associates, Inc.
Bladensburg, Maryland 20710

__
o=

-h-mowj

e ;ranswnt’Fleld Reversal with a Proton Layero
R vy /b’ C.A ’(APETANAKOS/ ﬁou:sn/l/ A/ASOU
Mo
Experimental-Plasme-Rhysics-Bronch.

Q W
<

=

<C

" fl' 52 239]

mﬂiﬁf@ oTIC

ELECTE
MAR 1 31380 _

&L 957 |
nwummummunmu :
Washington, D.C.

— T 14 018




T
& Y

SECURITY CLASSIFICATION OF ThiS PAGE (When Daca Entered)

READ
REPORT DOCUMENTATION PAGE BEF On O R
[T "REPOAT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIERT'S CATALOG NUMBER
NRL Memorandum Report 4135 /
S, TITLE (end Subtitle) S. TYPE OF REPORT & PEROD COVERED

Interim report on a continuing
TRANSIENT FIELD REVERSAL WITH A PROTON LAYER NRL problem.

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(e) 8. CONTRACTY OR GRANT nuultﬁq

C. A. Kapetanakos, J. Goiden, J. A. Pasour, S. J. Marsh*
and R. A. Mahaffey*

V. PECAFORMING ORGANIZATION NAME AND ADORESS W
Naval Research Laboratory
Washington, DC 20375 NRL Problem 67-0869-0-0
11, CONTROLLING OFFICE NAME ANOD ADDAESS 12. REPORT DATE
Office of Naval Research December 27, 1979
Arlington, Virginia 22217 13. NUMBER OF PAGES
37
| TT MONITORING AGENCY NAME & ADORESS(I dilferent from Controliing Office) | 18. SECURITY CLASS. (el thia report)
UNCLASSIFIED

T8a. DECL ASSIFICATION/ DOWNGRADING
scutbul.! oo °

6. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution uniimited.

17. OISTRIBUTION STATEMENT (of the abatract entered in Block 20, it different from Repert)

18. SUPPLEMENTARY NOTES

*Sachs-Freeman Associates, Inc., Bladensburg, Maryland 20710
This research was supported by the Department of Energy and the Office of Naval Research.

19, XEY WORDS (Continue en reveres side | necossasy and identily by bicck number)

Field reversed configurations
fon rings
Intense proton beams

20. ABSTRACT {Conts - o side i 'y and iId ty by dlock

This report describes a series of experiments that led to the transient field reversal of the applied
magnetic field with a proton pulse. The 400-500 KA, 50 nsec duration, 1.7 MeV peak energy hollow
proton puise is generated by an Inverse Reflex Tetrode. After passing through the cusp, the puise
propagates in a uniform field with 1.15 cm/nsec axial velocity, when the applied voltage on the anode
is IMV.

1,

X

DD , 9%, 1473  toimion oF 1 nov 818 esoLETE

JAN T
S/N 0302-014- 6801 e ———————————————————————————
i SECUMTY CLASSIFICATION OF Tiis PAGE /When Dace Bntered)




. T . .
DN R N S U

.

=

Lol A

" M . " 1

.
CONTENTS

INTRODUCTION ..., . iiiiitiiriireeentennetoannesaonns 1

DESCRIPTION OF THE EXPERIMENT ............covvueuens 3

RESULTS ... ittt ittt itiitiatenateneaneroncvannens 6

CONCLUSIONS .... it iiittiinenetenstsnancanoasosanns 13

REFERENCES .. ... . it iiveunrrnreestsnaccanasosannsnne 16

ACKNOWLEDGMENTS ... ... .ciiiiiiienntinonnrnnaneananns 19

N:OM for
White Sectien

wc Buff Sacties a
UNANNOUNCED
WSTIFICATION 4

oy R
DISTRISUTION/AVALAUTY CIDES
[Oist__ AVAL and/or WPECVAL )




1. Introduction

Magnetic field configurations with closed field lines generated by

energetic particles are very promisiqq for confining plasmas for

thermonuclear applications for the following four main reasons:

T

(1) the plasma confinement time is considerably enhanced because the
trapped plasma would have to cross the closed magnetic field lines in

order to escape; (2) the gyrating particles of the ring serve as an

.
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internal energy source for heating the confined plasma; (3) the closed

minimum-B magnetic field configuration provides hydrodynamical stability
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to the plasma; and (4) the beta of the plasma can exceed unity1 and thus

the power density of a thermonuclear reactor can be high. As a result,

>

£

the reactor can have a small size resulting in very significant

economic benefits.

. e Ao

Initially, as a consequence of the availablity of high current :
relativistic electron beams, the effort was focused on the formation

of relativistic electron layers.z-h However, reversed field

configurations that are generated by energetic electrons are not
of interest for thermonuclear applications because of the synchrotron
radiation losses from the fast moving electrons. To avoid the radiation

5

losses Christofilos” proposed the replacement of electrons by ions
having energies in the GeV range. In Christofilos scheme, as well as
in a similar scheme proposed by McNallys. the ion beams are generated
by conventional accelerators and have very low current (~1mA).

Another way to create a reversed magnetic field configuration with

energetic particles is by the tangential injection of neutral beams. Diamagnetic
Note: Manuscript submitted November 20, 1979.
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signals approaching the applied magnetic field have been obtained

with this technique in the 2X11B facility at Livermore by Simonen et a|.7.
Although field reversal has not been achieved as yet by the tangential

injection of neutral beams, the recent technological advancesB-‘h in

the generation of intense, pulsed ion sources made possible recently

the transient field reversal's

of the applied magnetic field by a
short proton layer at the Naval Research Laboratory. These results
demonstrate that the formation of a trapped, field reversed ion ring is
within the capabilities of the existing pulsed-power technology.

This report describes a series of experiments that led to the
first field reversal ever achieved with ions. In these experiments the
applied magnetic field consists of a short uniform region, in which
the ion source is located, a magnetic cusp, a 75 cm long uniform field
and a half mirror. About 8 x 1016 protons per pulse are generated by
an Inverse Reflex Tetrode]‘ (IRT) ion source that is powered by the
Gamble Il generator. The peak proton current is 400 - 500 kA when the
ramp shaped (corrected) voliage that is applied to the anode of the
IRT increases from 0.6 MV to 1.7 MV within 50 nsec. As a result of

the ramp-shaped voltage and the somersault effect]6, the ion pulse

bunches axially thus generating self fields that exceed the applied
field. Magnetic probes that are located in the 1.5 kG, 75 cm long field
plateau along the axis of the system show that the rotating ion

pulse reverses the external field. The field reversal factor exceeds
120%. In addition, the signals of magnetic probes show that the ion

pulse propagates with an axial speed v, which is 1.1 - 1,2 cm/nsec,




when the applied peak voltage on the anode is about 1 MV. The mean
velocity of rotation Vo is only 1/5 of v, Currently, experiments are in
progress to increase the ratio ve/vz and to trap the ion pulse in a

gated magnetic mirror field.

2, Description of the Experiment

A schematic of the experiment that does not include the gate coil
and the magnetic mirror is shown in Fig. 1. A photograph of the
same section is shown in Fig. 2. The applied magnetic field that is
used in the experiments described in this report is shown in Fig. 3.
It consists of a short uniform region, a magnetic cusp, a 75 cm long
uniform field and a single magnetic mirror. The Inverse Reflex Tetrode
(IRT) ion source shown in Fig. 4 is located in the short uniform field
and is powered by the upgraded Gamble || generator. The low inductance
ion source has a 75 cm long, 33 cm outside diameter cylindrical anode
stalk. The 100um thick, 18.5 cm i.d. hollow polyethylene anode foil
(A) is mounted on the front end of the anode stalk. The oth?r end of
the stalk is covered by a thin stainless steel plate. Electrically
connected to the end plate is a movable stainless steel disc (G).
Electrons emitted from the grounded screen cathode (K) are accelerated
toward the semitransparent anode, pass through it and form a virtual
cathode VC between A and G. Those electrons transmitted through the
VC reach the grid G. The rest of the electrons oscillate between the
virtual and real cathode, until they are absorbed by the anode. The
protons are extracted out of the plasma that is formed from the plastic
anode. When the applied voltage increases or remains constant, protons

directed toward the virtual cathode are unable to reach the grid or they
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reach it with zero velocity. Thus, these protons do not deplete the

energy content of the system. However, most of those ions emitted

toward K pass through the coarse screen and enter the cusp.

in the absence of ions and in the presence of a strong magnetic

17

field the electron current reaching the grid can be computed from

ca

1 + 2£n‘Tﬁ/a;)
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where ao is the electron beam radius, R is the radius of the anode stalk
and v is the relativistic factor. For R=a and v =3, Eq. (1)

. gives |, ¥ 19 KA. However, in practice I2 is appreciably higher because
i the electron space charge is partially neutralized by the ions.

The axial distance % of the center of the virtual cathode from

the anode may be estimated from18

| -2 (2)

inj o (g - e 2-4(2/R),

. ' ~
| 4
where 'inj is the Injected electron current. For R = 15 cm and
'1/'inj = 1/20, Eq. (2) gives & = 1.5 ecm. Equation (2) has been
derived neglecting the ions and the effect of the end plate G.

This effect can be neglected provlded‘7'19

| LR 3 2.5 (asm) 133,
where L is the A-G axial distance.
The importance of A-G separation in the formation of the virtual

cathode is demonstrated in Fig. 5. The solid line shows the potential




on axis ¢(0,z) inside a biased (V = 500 kV) conducting cylindrical
box of radius R = 5 cm, bounded by two conducting plates that are

5 cm apart, in the presence of two solid electron beams of radius
a= 2.5 cm. One of these beams of density ny = 2 x 10]] cm-3 extends
from z = 0 to the virtual cathode and the second of density

n, = 1.28 x 1011 c.:m-3 extends from the virtual cathode to the back
plate (z = Li. The dashed 1ine shows the potential when the spacing
between the two end plates is reduced to 2.5 cm. Clearly, no virtual
cathode is formed.

Pinhole x-ray photographs (Fig. 6) of two lead wires located inside
the cylindrical anode box 15-cm from the anode show that the oscillating
hollow electron beam does not pinch even in the absence of an applied
magnetic field. The observed 'filling-in'" is probably associated with
the sze force, the radial space charge electric field and the
scattering of the electrons in the anode foil.

For a limited range of relevant parameters (applied voltage,
anode thickness, applied magnetic field), the IRT has the interesting
features that its impedance (Z) remains approximately constant during
an appreciable fraction of the 80 nsec long pulse. This is shown in
Fig. 7. A consequence of Zxconst. is that the inductively corrected
voltage at the anode increases with time. Typically, after a fast initial
rise, the voltage increases from 0.6 MV to about 1.7 MV within 60 nsec.
Such a voltage waveform is shown in Fig. 8, together with the total
voltage, total current | and dl/dt.

Another consequence of Z~ const, is that the ion source is coupled
q

to the generator with high efficiency. Figure 9 shows that approximately




75 KJ of energy are extracted out of the generator, i.e., approximately
85% of the maximum energy delivered to a matched load. The peak power
delivered by the generator to the ion source (Fig. 10) is approximately
1.4 TW.
3. Results

The number of protons20 at various axial positions, is inferred
from the measured number of delayed v rays emitted from the annihilation
of positrons (B+) that are produced in the resonant reaction
lztl(p,Y)'3 N(B+)]3C. in the coincidence counting the only Y rays recorded
are those with energy near 0.5 MeV. The number of counts is corrected
for the reaction ]zc(d,n)l3N(8+)13C induced by the natural isotopic
abundance of deuterium in polyethylene. In our best shots the total
number of protons measured with the carbon target located 15 cm from the

anode is between 7 x 10]6 to 8 x 1016

per pulse. This number must be
considered as a lower bound since protons with energy less than 470 keV
do not activate the target and the number of counts is not corrected
for target blowoff. For a triangular ion pulse of S0 nsec base line
duration the 8 x 1616 particles correspond to 500 kA peak proton
current.

The radial profile of the beam is determined by individually
counting small segments of a carbon target after it is activated by the
beam. Figure 11 shows the radial profile of the proton beam 15 cm from the
anode. It is apparent that the thickness of the beam is appreciably
greater than that of the anode foil. The observed ''filling-in' of
the proton beams is due mainly to the v, Be pinching force that

acts on the ions inside the anode-cathode gap. The azimuthal magnetic
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field Be is generated by the ion current and the net electron current

in the gap. It is estimated from the equations of motion, neglecting

the radial electric fields, that at the cathode the protons have a radial
velocity v =V sin9, where v is the velocity corresponding to the applied

voltage and d

Sin 8 % (d/'rvo) / B, dz. (3)

[+)

In Eq. (3) d is anode-cathode gap, T is the transit time of the ions,
Vo the applied voltage on the anode and the integral is along the
particle orbit, For d = 2 cm, Be = 10“ Gauss = const., Vo = ] MV,
Eq. (3) gives 9%16°.

The beam current is inferred from the prompt y-ray flux emitted
from the reaction ’9F(p,uY),60, when the proton beam strikes a telfon
target21. This technique has the advantage that the error resulting
from the target blow-off is insignificant. Unfortunately, this diag-
nostic technique cannot be readily used to measure the proton current
near the source because of the copious burst of x-rays that is produced
in the IRT by the high energy electrons. However, when the target
is separated from the source by a long distance so that the time of
flight of the protons is greater than the duration of the voltage pulse,
the interference of the bremsstrahlung is eliminated. A typical trace
obtained when the teflon target is located 145 cm from the cusp is shown
in Fig. 12. The first peak is due to bremsstrahlung and the second to
the prompt +yrays. The detector has been calibrated using a Van de Graaff
accelerator. However, the proton current has not been determined, as
yet, by this technique because of the incomplete information on the energy

distribution of the protons near the target.




The magnetic field is monitored with several fast, center tapped
magnetic probes. After integration, the signal from each half of the
probe is fed to the differential amplifier of an oscilloscope. A three-
coil probe is inserted from the downstream end of the system along the
symmetry axis and monitors the axial magnetic field ABZ at 10 cm, 60 cm
and 110 em from the cusp. Typical oscilloscope traces from this multi-
probe are shown in Fig. 13. The second probe is located in the uniform
external magnetic field and the peak of the signal is 1.25 times greater
than the applied magnetic field, i.e., the external field has been
reversed. The peak of the third trace is lower than the peak of the
second perhaps as a consequence of particle losses on the converging
walls 6f the vacuum chamber. The low level signal that precedes the
main signal in the third trace is extraneous and does not change polarity
when the external field is reversed. Although all of the signals of
the magnetic probes that are located at r = 0 are diamagnetic, the polarity
of the trace at the top of Fig. 13 has been reversed at the oscilloscope
for display purposes.

It has been determined from the time delay between the signals
of B, and BZ3 probes that in the uniform field the rotating layer
propagates with an average axial velocity of about 1.15 cm/nsec, when
the applied voltage on the anode is approximately 1 MV. The soiid
line in Fig. 14 shows the dependence of the measured axial velocity
upon the applied peak voltage. The dashed line gives the computed
velocity corresponding to the applied voltage. The vertical separation

between the two lines accounts for the energy of the particles perpendicular




to the field as well as for the energy invested to build-up the self
magnetic field.

The macroscopic veiocity of rotation 2 of the ion pulse is inferred
from the measured rotation of the image of a discontinuity introduced
to the puise by a mask and the known distance between the target and
the mask. Typically, ve'z %E/S. Therefore, when the applied voltage
is about 1 MV the energy associated with the azimuthal rotation is
approximately 40 keV. The gyroradius of a proton with this energy
in a 1.5 KG magnetic field is about 19 cm. This radius is further
reduced because of the compression of the self magnetic field by the
wall of the vacuum chamber. From the temporal half maximum width of
the prompt Y-ray pulse that is typically 25 nsec (Fig. 12) and the
measured axial velocity, it is estimated that the length of the ion
pulse is about 27 cm when the peak applied voltage is 1 MV. A similar
conclusion can be reached from the temporal widths and the time delay
of the signals of the Bz probes that are located near the wall of the
chamber.

The radial profile of the beam at 145 cm after the cusp measured
with the activation technique using segmented carbon targets is shown
in Fig. 15. It is evident from this figure that the particle density
of the pulse is peaked a few centimeters from the symmetry axis of the
system.

At this point, it is necessary to examine if the observed
diamagnetic signal of the pulse is consistent with the observed approximéte
dimensions, velocity and total number of protons. Table | gives the
azimuthal current required to generate a 1.8 KG magnetic field at the

center of a coil of length 2L, inner radius a, and outer radius ay,




when the current density is uniform. For a, = 5 ¢cm, a, = 15 em, 2L = 30 cm,

the azimuthal current is 52 KA, i.e., about 1/8 of the total proton

current of the ion source and in agreement with the ratio ve/vz 1/5.
Additional insight is gained by considering a long rigidly rotating

jon layer. |If a, is the inner and a, the outer radius of a space charge

neutral layer that rotates with a constant angular frequency w around

its axis of symmetry, the ratio of the total magnetic field in the

interior of the layer {al <r i_az} to the applied magnetic field B°

. . 22
is given by

2 2 2
By (r) R (a3 - r) . (ay +a) , (4)
B Q 2 2 2
o ) (a; - af) 2b
2 1
where Qo = qBo is the cyclotror frequency corresponding to the applied
mc
field, q and m are the charge and mass of gyrating particles, v{ = NgRo’

where NQ is the number of ions per unit length and R° is the ion classical
radius } is the Budker parameter and b is the radius of a perfectly

conducting wall that surrounds the layer. The magnetic field for ;
r <a,and a,<r<b is constant and may be found by letting r = a,

and r = a, in Eq. (4) respectively. The last term in Eq. (4) is due

to induced currents (eddy currents) on the wall of the conducting

cylinder surrounding the layer and becomes zero when the conductor

is removed (b-w ),
The field reversal factor n = Bz(a1)/8o may be found from Eq. (4)

by letting r = a, and using the relation Q(p) = qugp)= -ws where

1

mc

02- (af + ai)/l. After some simple algebra, it is obtained that n= gﬁL (1=) .
)

Therefore, field reversal (7<0) requires a Budker parameter that

exceeds unity, i.e., N, > (qZ/mcz)-‘ = 0.64 x 1016 em V. Therefore,

10
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most of the protons of the pulse must be concentrated within a 10 cm
axial length in order to have a field reversal factor n%~120%. However,

it should be emphasized that the rigid-rotor mode)l overestimates the number

of charged particles required for field reversal because the azimuthal
current density in this model peaks at the outer edge of the beam. In
contrast, the current density in the experiments peaks near the inner edge

of the beam, as may be seen from Fig. 15.

* . e

Computer simulation of the experiment using the measured voltage

and total current and assuming that the current efficiency of the IRT

EER SRS

is 30% show that the ratio of the self to the applied magnetic field
at 60 cm after the cusp {position of 8., probe) is 1.44. The radially
inward motion of the beam has been simulated by assuming the protons
at the outer edge of the pulse arrive at the anode with a negative
f ‘ radial velocity which is the 1/10 of their total velocity.
The slow decay of signals of the B, and 823 probes (Fig. 13) is probably.
associated with the plasma formed on the surface of the long probes.
This is supported by the observation that the decay of signals of small
Bz probes that are inserted radially is substantially faster than that
of the long multi-probe. Assuming exponential decay of the probe signals,
i.e., B(t) = B(to) el(E(t - to)R/lland that the plasma formed on the ‘
surface of the glass probe expands with an average speed of about 2 cm/usec,
it has been estimated that the plasma resistivity is about 1.5 x 10-2 Q=cm.
oo For such a resistivity Spitzer's formula giv;s an electron plasma
temperature kTe = 1,6 22/3(ev), which is not unexpected. Although the
plasma formed on the housing of the magnetic probe can explain the

slow decay of the probe signals, it cannot account for an appreciable

11




fraction of the observed diamagnetism. A plasma energy density of

4

1.4 x 10 J/m3 is necessary to generate the observed self magnetic

field of 1.87 KG shown in Fig. 13. i
It is rather unlikely that more than 1016 protons of average
energy 1 MeV strike the 1.6 cm diameter, 1m long glass housing of j
the magnetic probe over 25 nsec, i.e., when the peak of Bzz signal occurs.
Therefore, the energy available to form the plasma does not exceed 1.6 KJ.
For normal incidence, the range of 1 MeV protons on pyrex is about
20pym. Since ve/vzﬁsl/S, the protons strike the probe housing at an
angle that is appreciably greater than zero and therefore their effective
range is taken as 10um. Consequently, the 1.6 KJ energy of the protons
is deposited in ~ 1.12 grams of glass. The energy required to raise the
temperature of 1.12 gm of glass to boiling point is about 1.9 KJ. Therefore,
it is unlikely that a high density plasma is formed on the housing of !
the probe.
A similar conclusion is reached from the peak proton power density
striking the probe. This power density is estimated to be less than
0.15 Gw/cmz. Since the interaction of a proton beam with glass is similar
to the interaction of a proton beam with an aluminum target, it may be

3

concluded from Fig. 6 of Tucker2 et al that for such low power density
the interaction is ''direct', i.e., the absorbed beam energy on the
target does not change permanently its material structure but rather
excites an elastic stress pulse.

It is doubtful that there is an appreciable number of electrons

that t-s axial velocity and total! energy comparable to that of the

12




protons. No light is observed by an image intensifier camera operated
in the frame mode when the beam strikes a lucite plate covered with
30um aluminum foil. In contrast, when the thickenss of aluminum is
reduced to below 6um the lucite target that is located 120 cm from the
cusp emits strongly. Note that for normal incidence the range of 1 MeV
electrons in aluminum is 1800um and that of protons of the same energy
is 13um.

In contrast to axial fields, the azimuthal field of the layer appears
to be almost zero before the cusp and very small in the uniform field
region. Figure 16 shows the output of a Be probe that is located 77 cm
beyond the midplane of the cusp at 0.5 cm from the wall of the vacuum

chamber. Typically, the Be field at this position is less than 100 G.

4, Conclusions

The achieved transient field reversal with a rotating proton layer
is an important step toward the objective of our program which is the
formation of a trapped, field reversed ion ring.

Presently, our effort is concentrated in reducing the ''filling-in"
of the hollow beam by suitably reshaping the anode and cathode electrodes.
A beam with small inward radial velocity and thus less ''filling-in' will
allow the insertion of a cusp sharpening ferromagnetic disc resulting
in a shorter cusp transition width. This, will make possible
the operation of the system in higher magnetic fields, thus achieving
higher velocity ratios ve/vz without appreciable losses at the cusp.

The trapping studies of the proton pulse, using the original
configuration,zu will start immediately after the successful increase

of the ratio ve/vz. This has the advantage that the field lines of

13




the ramp shaped field will not intersect the walls of the converging vacuum

chamber and thus most of the particle losses in this section of the system

will be eliminated.
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